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(54) TWO-DIMENSIONAL PHOTONIC CRYSTAL SURFACE-EMISSION LASER 



(57) Two-dimensional photonic crystal surface- 
emitting laser comprising a two-dimensional photonic 
crystal, having media different in refractive index ar- 
rayed in a two-dimensional cycle, disposed In the vicinity 
of an active layer that emits light by the injection of car- 
riers, wherein the two-dimensional photonic crystal con- 



sists of square lattices having equal lattice constants in 
perpendicular directions, and a basic lattice consisting 
of a square with one medium as a vertex has an asym- 
metric refractive index distribution with respect to either 
one of the two diagonals of the basic lattice to thereby 
emit light in a constant polarizing direction. 
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Description 
Technical f ieid 

5 [0001] The present invention relates to a two-dinfiensional photonic crystal surface-emitting laser that has a two- 
dimensional photonic crystal so as to be capable of surface light emission. 

Background art 

10 [0002] Japanese Patent Application Laid-Open No. 2000-332351 discloses a two-dimensional photonic crystal sur- 
face-emitting laser having a two-dimensional photonic crystal placed near an active layer so as to achieve surface light 
emission by exploiting the resonance of the two-dimensional photonic crystal. The two-dimensional photonic crystal 
surface-emitting laser disclosed in this publication has a lower clad layer, an active layer, and an upper clad layer laid 
on a substrate. The lower clad layer incorporates a two-dimensional photonic crystal near the active layer. 

15 [0003] The two-dimensional photonic crystal Is produced by forming hollow holes in a semiconductor layer of. for 
example, n-type InP, and is fonned as a triangular or square lattice having media having different refractive indices 
arrayed with a predetermined two-dimensional period. The hollow holes may be filled with SiN or the like. The active 
layer Is fonned as a multiple quantum well structure using, for example, an InGaAs/lnGaAsP-based semiconductor 
material, and emits light when carriers are Injected into it. 

20 [0004] The lower clad layer is formed of, for example, an n-type InP semiconductor as described above, and the 
upper clad layer is fomned of, for example, a p-type )nP semiconductor The active layer is sandwiched between the 
lower and upper clad layers to fomn a double hetero junction and thereby confine carriers so that the carriers that 
contribute to light emission concentrate in the active layer. 

[0005] On the top surface of the upper clad layer and on the bottom surface of the substrate, there are formed 
25 electrodes of gold or the like. When a voltage is applied between the electrodes, the active layer emits light, and an 
evanescent component that leaks out of the active layer enters the two-dimensional photonic crystal. Light having a 
wavelength coincident with the lattice constant of the two-dimensional photonic crystal resonates with It, and is thereby 
amplified. As a result, the two-dimensional photonic crystal achieves surface light emission, emitting coherent light. 
[0006] For example, in a two-dimensional photonic crystal formed as a square lanice as shown in Fig. 35, resonance 
30 occurs in the following manner. The two-dimensional photonic crystal 40 is formed as a square lattice having a second 
medium 12 in the fonn of hollow holes or the like formed with equal periods in two mutually perpendicular directions 
within a first medium 1 1 . The square lattice has representative directions called the r-X and PM directions, respectively. 
Let the interval between two patches of the second medium 12 that are mutually adjacent in the r-X direction (here- 
inafter, this interval will be referred to as the "lattice constant") be "a," then there exist a plurality of square lattice 
35 sections E1 having lattice points at patches of the second medium 12 and measuring "a" on each side (hereinafter, 
such a section will be referred to representatively as the "fundamental lattice"). 

[0007] When light L having a wavelength "A." coincident with the lattice constant "a" of the fundamental lattice El 
propagates in the r-X direction, the light L is diffracted at lattice points. Of the different components of the light, only 
those diffracted in the directions of 0°, ± 90°, and 1 80° with respect to the direction of propagation of the light fulfill the 
40 Bragg condition. Lattice points exist also In the directions of propagation of the light that has been diffracted in the 
directions of 0**, ± 90°, and 180°, and thus the diffracted light is diffracted again in the directions of 0°. + 90°, and 1 80° 
with respect to its direction of propagation. 

[0008] When light L from one lattice point is refracted once or more than once, the diffracted light returns to the 
original lattice point. This causes resonance. On the other hand, the light diffracted in the direction perpendicular to 
45 the plane of the figure also fulfills the Bragg condition. As a result, light amplified through resonance is emitted through 
the upper clad layer, achieving surface light emission. This phenomenon occurs at every lattice point, permitting co- 
herent laser emission all over the surface area. 

[0009] Fig. 36 is a band diagram of the two-dimensional photonic crystal 40 structured as shown in Fig. 35. Along 
the vertical axis is taken the normalized frequency. I.e., the frequency of light nomnaiized by being multiplied by "a / c," 
50 where "c" represents the speed of light (in m / sec) and "a" represents the lattice constant (in m). Along the horizontal 
axis is taken the wave-number vector of light. 

[0010] In this figure, the plotted lines indicate the dispersion relation of light. The figure shows that there are a few 
places in it where the gradient Is zero. This means that there are a few points where the group velocity of light is zero 
and thus resonance occurs. In particular, at the point r. as described above, not only light diffracted in different directions 
55 within the plane but also light diffracted in the direction perpendicular to the plane fulfils the Bragg condition, and 
accordingly it is possible to extract, in the direction perpendicular to the plane, coherent light produced through reso- 
nance in different directions within the plane. 

[0011] Incidentally, the point r is defined in the following manner. Let the unit vectors in a rectangular coordinate 



2 



EP1411603A1 

system be "x" and Y" then the primitive translational vectors "a^" and "ag" with respect to a square lattice with a lattice 
constant "a" are given by 



32 = ay 

10 [0012] For the translational vectors "a/ and "ag " the primitive reciprocal lattice vectors "b^" and "b2" are given by 

bi=(2K/a)y 



bg = (2k / a) X 

[0013] On the basis of the primitive reciprocal lattice vectors "b and "bg," the point at which the wave-number vector 
"k" of light has the value given by formula (1) below is called the r point. 

20 

k= nb^ + mbg (1) 

where "n" and "m" are arbitrary integers. 
25 [0014] Accordingly, at the F point, where the wave*number vector of light fulfills fomiula (1), the aforementioned 
phenomenon occurs in any band. In a two-dimensional photonic crystal surface-emitting laser, as indicated by the part 
S in the figure, it is typical to use the second order band, which con^esponds to the case in which the lattice constant 
"a" is equal to the wavelength "X,," 

[0015] Fig. 37 shows the details of the part S. The two-dimensional photonic crystal has four frequencies, namely 
^0 A, B, C, and D in order of increasing frequency, at which the group velocity is zero; that is, it has four resonant fre- 
quencies. Hereinafter, the resonant states at the resonant frequencies A, B, C, and D will be refen^ed to as the modes 
A, B, C, and D, respectively. 

[0016] Figs. 38 and 39 show the electric field distributions observed when the two-dimensional photonic crystal is in 
the mode-A and mode-B resonant states, respectively. These images are the near field pattern images at the time of 
35 laser oscillation. Arrows indicate the directions and magnitudes of electric fields. As shown in these figures, in the 
modes A and B, the directions of electric fields are not uniform. That is, the polarization direction is not uniform. As a 
result, as shown in Figs. 40 and 41 , which show the electric field distributions in the far field pattern in the modes A 
and B, the polarization direction in the mode A is such as to run around an electrode 7, and the polarization direction 
in the mode B is such as to radiate to and from the electrode 7. 

[0017] On the other hand, the modes C and D are degenerated so that those resonant states occur at the same 
frequency. Thus, at the point r, how polarization occurs is detemiined by the linear sum of the electric field distributions 
ascribable to the modes C and D. Thus, the polarization direction is not uniquely determined but remains unstable. 
[0018] As described above, with a conventional two-dimensional photonic crystal surface-emitting laser, no matter 
in which of the four resonant modes (practically three, since the modes C and D are degenerated) of the two-dimensional 
photonic crystal It is formed to resonate, the polarization direction of the light emitted from it is not uniform. This makes 
the conventional two-dimensional photonic crystal surface-emitting laser unusable in devices that use uniformly polar- 
ized light. 

Disclosure of the invention 

50 

[0019] An object of the present Invention is to provide a two-dimensional photonic crystal suriace-emitting laser that 
can emit unifomily polarized light. 

[0020] To achieve the above object, according to one aspect of the present invention, in a two-dimensional photonic 
crystal surface-emitting laser having a two-dimensional photonic crystal that has media having different refractive in- 
55 dices arrayed with a two-dimensional period and that is placed near an active layer that emits light when carriers are 
Injected thereinto, the two-dimensional photonic crystal is formed as a square lattice having patches of one medium 
arrayed periodically at equal intervals In two mutually perpendicular directions, and at least part of fundamental lattices. 
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of which each has the shape of a square that has its vertices at patches of the one medium and of which the iength of 
each side equals the minimum period of equally sized patches of the one medium, has an asymmetric refractive index 
distribution with respect to one of the two diagonal lines of those fundamental lattices. 

[0021] According to another aspect of the present invention, in a two-dimensional photonic crystal surface-emitting 
5 laser having a two-dimensional photonic crystal that has media having different refractive indices arrayed with a two- 
dimensional period and that is placed near an active layer that emits light when carriers are injected thereinto, the 
degeneration of modes at the r point of the two-dimensional photonic crystal is resolved. 

[0022] With these structures, it is possible to resolve mode degeneration by breaking the crystal symmetry of the 
two-dimensional photonic crystal or by another means. This makes it possible to make the two-dimensional photonic 
10 crystal resonate at four different frequencies in the second order r point of its band diagram through appropriate setting 
of the refractive Indices and sizes of the media and other parameters. 

[0023] According to the present Invention, the two-dimensional photonic crystal surface-emitting lasers described 
above may be so structured that the frequency at which the active layer exhibits the maximum gain is coincident with 
the frequency at which the two-dimensional photonic crystal resonates. 

15 [0024] According to the present Invention, the two-dimensional photonic crystal surface-emitting lasers described 
above may be so structured that the two-dimensional photonic crystal has a first medium that has a predetermined 
refractive index and a second medium that has a refractive index different from the refractive index of the first medium 
and of which equally sized patches are arrayed at equal intervals in mutually perpendicular first and second directions 
within the first medium, and that at least part of fundamental lattices that have their vertices at patches of the second 

20 medium have a third medium of which patches are an-ayed asymmetrically with respect to one of the two diagonal 
lines of those fundamental lattices. With this structure, the patches of the third medium are an-ayed, for example, at 
random positions within the first medium. 

[0025] According to the present invention, the two-dimensional photonic crystal surface-emitting lasers described 
above may be so structured that, assuming that the length of each side of the fundamental lattices is "a," the patches 
25 of the third medium are arrayed within a width of "0.1a" of one side of the fundamental lattices or within a width of 
"0.1a" of the bisecting nornial to one side of the fundamental lattices. 

[0026] According to the present invention, the two-dimensional photonic crystal surface-emitting lasers described 
above may be so structured that, assuming that the length of each side of the fundamental lattices is "a" and that the 
first and second directions are, with an origin set at patches of the second medium, the X- and Y-axes, the patches of 
30 the third medium are arrayed within a radius of "0.1 a** of points of which the X- and Y-coordinates are 

(na / 4, ma / 4), where n = 0, 2, and 4, and m = 1 and 3 

35 or 

(na / 4, ma / 4), where n = 1 and 3, and m = 0, 2, and 4. 

40 [0027] With this structure, patches of the third medium are arrayed, for example, at positions (0, a / 4), {0, 3a / 4), 
and (a/ 4. a/ 2). 

[0028] According to the present invention, the two-dimensional photonic crystal surface-emitting lasers described 
above may be so structured that the patches of the second medium and the patches of the third medium are differently 
sized. 

45 [0029] According to the present invention, the two-dimensional photonic crystal surface-emitting lasers described 
above may be so structured that the second medium and the third medium are formed of the same material. 
[0030] According to the present Invention, the two-dimensional photonic crystal surface-emitting lasers described 
above may be so structured that the two-dimensional photonic crystal has a first medium that has a predetennined 
refractive index and a second medium that has a refractive index different from the refractive index of the first medium 

50 and of which patches are an-ayed at equal Intervals In mutually perpendicular first and second directions within the first 
medium, and that, at least in part of fundamental lattices that have their vertices at patches of the second medium, the 
patches of the second medium have, as seen in a plan view, an asymmetrical shape with respect to one of the two 
diagonal lines of those fundamental lattices. With this structure, the patches of the second medium are an-ayed peri- 
odically In the first and second directions, and the patches of the second medium are fomned to have, for example, the 

55 shape of an ellipse of which the major axis Is coincident with the first direction. 

[0031] According to the present invention, the two-dimensional photonic crystal surface-emitting lasers described 
above may be so structured that the two-dimensional photonic crystal has patches of different media, each rectangular 
in shape as seen in a plan view, arrayed in close contact with one another, and, with respect to the patches of at least 
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one medium, the patches of ;two other media adjacent thereto in two mutuaiiy perpendicular directions have different 
refractive indices. 

[0032] With this structure, the two-dimensional photonic crystal Is fomied to have a checkered pattern with patches 
of media having different refractive indices arrayed adjacent to one another so that, for example, as seen in a plan 

5 view, patches of the second medium arrayed above patches of the first medium have a different refractive index from 
patches of the third medium anayed on the right and left of patches of the first medium. At positions diagonal to patches 
of the first medium may be anrayed patches of one of the first to third media or patches of another medium. Moreover, 
patches of the first medium may be arrayed with an interval equal to the wavelength or equal to a period that fulfils the 
conditions for the wave-number vector at the V point defined earlier. Even though the fundamental lattice is square, 

10 the patches of the individual media do not have to be square. 

[0033] According to the present invention, the two-dimensional photonic crystal surface-emitting laser described 
above may be so stmctured that the two-dimensional photonic crystal is fomried by cementing together two one-di- 
mensional diffraction gratings having equal periods in such a way that the directions of the periods thereof are perpen- 
dicular to each other. 

15 [0034] With this structure, for example, by cementing together a first and a second diffraction grating that each have 
grooves fomned with a predetermined one-dimensional period and that are formed of a first and a second medium, 
respectively, having different refractive indices, it is possible to fonm a two-dimensional photonic crystal in which the 
refractive index at places where the grooves of the first and second diffraction gratings overiap, the average refractive 
index at places where the grooves of the first diffraction grating overlap the second medium, the average refractive 

20 Index at places where the grooves of the second diffraction grating overiap the first medium, and the average refractive 
index at places where the first and second media overiap are different from one another. 

Brief description of drawings 

25 [0035] 

Fig. 1 is a partially cutaway perspective view of the two-dimensional photonic crystal surface-emitting laser of a 
first embodiment of the invention. 

Fig. 2 is a plan view of the two-dimensional photonic crystal of the first embodiment of the invention. 
30 Fig. 3 is a band diagram of the second order T point of the two-dimensional photonic crystal of the first embodiment 

of the invention. 

Fig. 4 is a diagram showing the electric field distribution in the near field pattern in the mode A of the two-dimensional 
photonic crystal of the first embodiment of the invention. 

Fig. 5 is a diagram showing the electric field distribution in the near field pattern in the mode B of the two-dimensional 
35 photonic crystal of the first embodiment of the Invention. 

Fig. 6 is a diagram showing the electric field distribution in the near field pattern in the mode C of the two-dimensional 
photonic crystal of the first embodiment of the invention. 

Fig. 7 is a diagram showing the electric field distribution in the near field pattern in the mode D of the two-dimensional 

photonic crystal of the first embodiment of the invention. 
40 Fig. 8 is a diagram showing the electric field distribution in the far field pattern in the modes A and D of the two- 

dimensional photonic crystal of the first embodiment of the Invention. 

Fig. 9 is a diagram showing the electric field distribution in the far field pattern in the modes B and C of the two- 
dimensional photonic crystal of the first embodiment of the invention. 

Fig. 10 is a diagram showing the diffracting effect obtained by appropriately positioning defects In the two-dimen- 
45 sional photonic crystal of the first embodiment of the invention. 

Fig. 11 is a diagram showing the effect of uniformizing the directions of electric fields obtained by appropriately 

positioning defects in the two-dimensional photonic crystal of the first embodiment of the invention. 

Fig. 12 is a plan view of the two-dimensional photonic crystal of a second embodiment of the invention. 

Fig. 13 is a plan view of the two-dimensional photonic crystal of a third embodiment of the invention. 
50 Fig. 14 is a plan view illustrating the symmetry obtained by appropriately positioning defects in a two-dimensional 

photonic crystal. 

Fig. 15 is a plan view illustrating the symmetry obtained by appropriately arraying defects In a two-dimensional 
photonic crystal. 

Fig. 16 is a plan view illustrating the symmetry obtained by appropriately arraying defects in a two-dimensional 
55 photonic crystal. 

Fig. 17 is a plan view Illustrating the symmetry obtained by appropriately arraying defects in a two-dimensional 
photonic crystal. 

Fig. 1 8 is a plan view of the two-dimensional photonic crystal of a fourth embodiment of the invention. 
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Fig. 1 9 is a band diagram of the second order r point of the two-dimensional photonic crystal of the fourth embod- 
iment of the invention. 

Fig. 20 is a diagram showing the electric field distribution in the near field pattern in the mode A of the two-dimen- 
sional photonic crystal of the fourth embodiment of the invention. 
5 Fig. 21 is a diagram showing the electric field distribution In the near field pattern in the mode B of the two-dimen- 

sional photonic crystal of the fourth embodiment of the invention. 

Fig. 22 Is a diagram showing the electric field distribution in the near field pattem In the mode C of the two-dimen- 
sional photonic crystal of the fourth embodiment of the invention. 

Fig. 23 is a diagram showing the electric field distribution in the near field pattem in the mode D of the two-dimen- 
10 sional photonic crystal of the fourth embodiment of the invention. 

Fig. 24 is a plan view of the two-dimensional photonic crystal of a fifth embodiment of the Invention. 

Fig. 25 is a plan view of the two-dimensional photonic crystal of a sixth embodiment of the invention. 

Fig. 26 is an exploded perspective view of the two-dimensional photonic crystal surface-emitting laser of a seventh 

embodiment of the invention. 

IS Fig. 27 is a plan view of the two-dimensional photonic crystal of the seventh embodiment of the invention. 

Fig. 28 is a plan view of the two-dimensional photonic crystal of the seventh embodiment of the invention. 
Fig. 29 is a band diagram of the second order r point of the two-dimensional photonic crystal of the seventh 
embodiment of the invention. 

Fig. 30 is a diagram showing the electric field distribution In the near field pattern in the mode A of the two-dimen- 
20 sional photonic crystal of the seventh embodiment of the invention. 

Fig. 31 is a diagram showing the electric field distribution in the near field pattern in the mode B of the two-dimen- 
sional photonic crystal of the seventh embodiment of the invention. 

Fig. 32 is a diagram showing the electric field distribution in the near field pattem in the mode C of the two-dimen- 
sional photonic crystal of the seventh embodiment of the invention. 
25 Fig. 33 is a diagram showing the electric field distribution in the near field pattem In the mode D of the two-dimen- 

sional photonic crystal of the seventh embodiment of the invention. 

Fig. 34 Is a diagram showing the relationship between the gain and the frequency of the light emitted from the 
active layer 

Fig. 35 is a plan view of a conventional two-dimensional photonic crystal. 
30 Fig. 36 is a band diagram of a conventional two-dimensional photonic crystal. 

Fig. 37 is a band diagram of the second order V point of a conventional two-dimensional photonic crystal. 

Fig. 38 is a diagram showing the electric field distribution in the near field pattern in the mode A of a conventional 

two-dimensional photonic crystal. 

Fig. 39 is a diagram showing the electric field distribution in the near field pattern in the mode B of a conventional 
35 two-dimensional photonic crystal. 

Fig. 40 is a diagram showing the electric field distribution in the far field pattern In the mode A of a conventional 
two-dimensional photonic crystal. 

Fig. 41 Is a diagram showing the electric field distribution In the far field pattern in the mode B of a conventional 
two-dimensional photonic crystal. 

40 

Best mode for carrying out the Invention 

[0036] Hereinafter, embodiments of the present invention will be described with reference to the drawings. For con- 
venience's sake, in the following descriptions, such elements as are found also in the conventional example shown in 

45 Fig. 35 are identified with the same reference numerals. Fig. 1 is a perspective view of the two-dimensional photonic 
crystal surface-emitting laser of a first embodiment of the invention. The two-dimensional photonic crystal surface- 
emitting laser 1 has a lower clad layer 3, an active layer 4, and an upper clad layer 5 laid on top of a substrate 2. The 
lower clad layer 3 incorporates a two-dimensional photonic crystal 1 0 near the active layer 4. 
[0037] The two-dimensional photonic crystal 1 0 is produced by forming hollow holes in a semiconductor layer of, for 

50 example, n-type InP, and Is fomned as a square lattice having media having different refractive indices arrayed with a 
predetemiined two-dimensional period. The hollow holes may be filled with SIN or the like. The active layer 4 Is f omied 
as a multiple quantum well structure using, for example, an InGaAs/lnGaAsP-based semiconductor material, and emits 
light when carriers are injected into it. 

[0038] The lower clad layer 3 Is fomned of, for example, an n-type InP semiconductor as described above, and the 

55 upper clad layer 5 is fomned of, for example, a p-type InP semiconductor. The active layer 4 is sandwiched between 
the lower and upper clad layers 3 and 5 to form a double hetero junction and thereby confine carriers so that the carriers 
that contribute to light emission concentrate in the active layer. On the top surface of the upper clad layer 5 and on the 
bottom surface of the substrate 2. there are fomned electrodes 6 and 7 of gold or the tike. When a voltage is applied 
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between the electrodes 6 and 7, the active layer 4 emits light. 

[0039] Fig. 2 is a plan view of the two-dimensional photonic crystal 10. Hie two-dimensional photonic crystal 10 Is 
formed as a square lattice having a second medium 1 2 in the form of hollow holes or the like formed with equal periods 
(lattice constant "a") In two mutually perpendicular directions within a first medium 11 . The basic lattice constant "a" 
5 may be equal to any period that fulfils the conditions for the wave-number vector at the point r In this embodiment, a 
description Is given of a case where the oscillation wavelength is equal to the lattice constant "a" that corresponds to 
the second order f point (see Fig. 36, the part S), as most commonly practiced. 

[0040] In the two-dimensional photonic crystal 10, there are formed fundamental lattices El of which each has the 
shape of a square that has its vertices at patches of the second medium 1 2 and of which the length of each side equals 
10 the minimum period (lattice constant "a") of equally sized patches of the second medium 1 2. Moreover, there are f omied 
patches of a third medium 13 at predetemnined positions, one every two periods in each of two mutually perpendicular 
directions with respect to the second medium 12. 

[0041 ] As described eart ier, an evanescent component that leaks out of the active layer 4 enters the two-dimensional 
photonic crystal 10. When the lattice constant "a" of the two-dimensional photonic crystal 10 equals a predetemnined 

15 length, the light resonates with the two-dimensional photonic crystal 10 and is thereby amplified. As a result, the two- 
dimensional photonic crystal surface-emitting laser 1 achieves surface light emission, emitting coherent light. Here, 
within each fundamental lattice El that includes a patch of the third medium 13, the patch of the third medium 13 is 
located at a position asymmetric with respect to both of the diagonal lines CI and C2 of the fundamental lattice El . 
[0042] Incidentally, the fundamental lattice denotes the square lattice section having the minimum period that has 

20 its vertices at patches of the same medium, and Is therefore different from the so-called unit lattice, which Is the minimum 
unit of a periodical structure. Accordingly, lattice sections E2 having its vertexes at patches of the third medium 1 3 may 
be regarded as the fundamental lattice. Even then, patches of the second medium 12 are an^ayed at positions asym- 
metric with respect to both of the two diagonal lines of the fundamental lattice. 

[0043] Fig. 3 is a band diagram near the point r of the two-dimensional photonic crystal 1 0 structured as described 
25 above. The figure shows the second order r point (see Fig. 36, the part S) in which the wavelength X is coincident 
with the lattice constant "a." Along the vertical axis is taken the normalized frequency, i.e., the frequency of light nor- 
malized by being multiplied by "a / c." where "c" represents the speed of light (in m / sec) and "a" represents the lattice 
constant (in m). Along the horizontal axis is taken the wave-number vector of light, 

[0044] This figure shows that, provided that the refractive indices and sizes of the media and other parameters are 
30 appropriately set, the two-dimensional photonic crystal 10 has, at the second order r point, four different resonant 

frequencies and thus four different resonant modes corresponding to those resonant frequencies. That is, the modes 
C and D have different resonant frequencies, and thus mode degeneration as observed In the conventional two-di- 
mensional photonic crystal shown in Fig. 37 is resolved. 

[0045] Incidentally, mode degeneration in a two-dimensional photonic crystal can be resolved by distributing refrac- 
35 tive indices asymmetrically with respect to at least one of the diagonal lines of the fundamental lattice El . For example, 
within the fundamental lattice E1 shown in Fig. 2, instead of forming a patch of the third medium as indicated by 13a, 
one may be placed as indicated by 13b. i.e., on one diagonal line C2. 

[0046] Figs. 4 to 7 show the electric field distributions in the two-dimensional photonic crystal 10 when it is in the 
mode-A, mode-B, mode-C, and mode-D resonant states, respectively; that is, these figures show the near field pattern 

40 images at the time of laser oscillation. Arrows indicate the directions and magnitudes of electric fields. As shown in 
these figures, In all the modes, the directions of electric fields are uniform. That is, the polarization direction is unifonn. 
[0047] Accordingly, as shown In Fig. 8, which shows the electric field distribution in the far field pattern in the modes 
A and D, and in Fig. 9, which shows the electric field distribution in the far field pattern in the modes B and C, it is 
possible to obtain a two-dimensional photonic crystal surface-emitting laser 1 that emits light of which the polarization 

45 direction (the directions of electric fields) is unifonn. 

[0048] Incidentally, In the modes A and B, in a central portion of the light-emitting region, electric fields cancel out 
one another. As a result, the central portion of the light-emitting region covered with the electrodes 7 is a non-light- 
emitting region. Thus, light emission takes place in a ring-shaped region with a bright peripheral portion and a dim 
central portion. By contrast, in the modes C and D, electric fields do not cancel out one another, and thus light emission 

so takes place all over the light-emitting region. Accordingly, two-dimensional photonic crystal surface-emitting lasers are 
better used in the modes C and D than in the modes A and B. 

[0049] The third medium 1 3 has a different refractive Index from the first medium 1 1 , but may have the same refractive 
index as the second medium 12. To resolve mode degeneration, the third medium 1 3 may be arrayed at any positions, 
provided that it is arrayed asymmetrically with respect to at least one of the diagonal lines CI and C2. The third medium 
55 13 may be arrayed at random positions, but it Is preferable to an'ay it at positions as described below. 

[0050] Fig. 10 is a diagram showing, in the fomi of contour lines, the degree of how light is affected by the presence 
of the photonk: crystal when the third medium 13 Is an^ayed within the fundamental lattice El . Hatching indicates where 
the effect is great. This figure shows that an-aying the third medium 13 on a side of the fundamental lattice El or on 
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the bisecting normal to a side thereof is most effective, resulting in the presence of the photonic crystal exerting the 
greatest effect. Anraying the third medium 13 within a width of "0.1 a" (= a / 1 0) of a side of the fundamental lattice El 
or the bisecting nonnal to a side thereof produces a satisfactory effect. 

[0051] Fig. 11 is a diagram showing, in the form of contour lines, how great is the effect of the third medium 13 making 
5 the differences between the frequencies of the different modes greater when the third medium 1 3 is an-ayed within the 
fundamental lattice El . Hatching Indicates where the effect Is great. This figure shows that, assuming that two adjacent 
sides of the fundamental lattice El are the X- and Y-axes with the origin set at the position of a patch of the second 
medium 12, arraying the third medium 13 at points of which the X- and Y-coordinates are 

10 

(na / 4. ma / 4), where n = 0, 2, and 4, and m = 1 and 3 

or 

15 

(na / 4, ma / 4), where n = 1 and 3, and m = 0, 2, and 4. 

Is most effective in making the differences between the frequencies of the different modes greater. Arraying the third 
medium 13 within a radius of "0,1a" (= a / 10) of such a point produces a satisfactory effect. 
20 [0052] For example, when the third medium 13 is an-ayed at positions of which the X- and Y-coordinates are (0, a / 
4), (0, 3a / 4), and (a / 4, a / 2), light is satisfactorily affected by the photonic crystal, resulting in a great effect of the 
photonic crystal and large differences between the frequencies of the different modes. 

[0053] As in a second embodiment of the invention shown in Fig. 12, patches of the third medium 13 may be an-ayed 
every period in two mutually perpendicular directions. In that case, even if a lattice section E3 is regarded as the 

25 fundamental lattice, patches of the third medium 13 is arrayed asymmetrically with respect to the two diagonal lines. 
As in a third embodiment of the invention shown in Fig. 13, within a fundamental lattice EV having patches of the 
second medium 1 2 periodically arrayed, the two patches located at non-diagonal positions may be replaced with patch- 
es of the third medium 13. The resulting fundamental lattice El has a shorter side length than the original fundamental 
lattice El ', and is asymmetric with respect to the diagonal lines. The same holds even if a lattice section E5 having Its 

30 vertices at patches of the third medium 13 is regarded as the fundamental lattice. 

[0054] In the first to third embodiments, as compared with an^aying the third medium 13 with a long period of the 
second medium 12, arraying the third medium 13 with a short period of the second medium 12 produces a greater 
effect of resolving mode degeneration and making the differences between the different resonant frequencies greater. 
This pennits easier selection of the resonance mode used. Moreover, as compared with making patches of the third 

35 medium 13 small, making them large results in a greater effect of resolving mode degeneration. 

[0055] In Figs. 1 4 to 1 7, the refractive Index distribution is symmetrical with respect to both the diagonal lines of the 
fundamental lattice. As shown in Fig. 14, in a case where patches of the third medium 13 are arrayed at midpoints of 
the diagonal lines of the fundamental lattice El , the refractive index distribution Is symmetric with respect to both the 
diagonal lines of the fundamental lattice El . This makes it impossible to make the polarization direction of the emitted 

40 light unifonn. The same holds even if a lattice section E6 having its vertices at patches of the third medium 13 is 
regarded as the fundamental lattice. 

[0056] Likewise, as shown in Fig. 15, in a case where patches of the third medium 13 are arrayed at midpoints of 
the diagonal lines of the fundamental lattice El every two periods thereof, the refractive Index distribution Is symmetric 
with respect to both the diagonal lines of the fundamental lattice El . The same holds even if a lattice section E7 or E8 
45 is regarded as the fundamental lattice. Incidentally, here, a lattice section E20 has its vertices at patches of the second 
medium 12, but Its side length Is not equal to the minimum period of the second medium 12, and therefore the lattice 
section E20 cannot be regarded as a fundamental lattice. 

[0057] Likewise, as shown in Fig. 1 6, in a case where, within a fundamental lattice E1 ' having patches of the second 
medium 12 periodically an'ayed, one patch is replaced with a patch of the third medium 13 every two period, the 
50 refractive index distribution is symmetric with respect to both the diagonal lines of the new fundamental lattice El . The 
same holds even If a lattice section E10 is regarded as the fundamental lattice. 

[0058] Likewise, as shown in Fig. 1 7, In a case where, within a fundamental lattice EV having patches of the second 
medium 1 2 periodically arrayed, one patch Is replaced with a patch of the third medium 1 3, fonned of the same material 
but in a different size, every two period, the refractive index distribution Is symmetric with respect to both the diagonal 
55 lines of the new fundamental lattice El . The same holds even if a lattice section E9 Is regarded as the fundamental 
lattice. Incidentally, here, a lattice section E21 has its vertices at patches of the second and third media 12 and 13, 
which are of the same material, but those patches have different sizes, and therefore the lattice section E21 cannot 
be regarded as a fundamental lattice. 
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[0059] Fig. 18 is a plan view of the two-dimensional photonic crystal incorporated in the two-dimensional photonic 
crystal surface-emitting laser of a fourth embodiment of the invention. The two-dimensional photonic crystal 20 of this 
embodiment has a second medium 1 2 in the form of patches having an elliptic cross-sectional shape formed with equal 
periods in two mutually perpendicular directions in a first medium 11 . In other respects, the structure here is the same 

5 as that of the first embodiment. 

[0060] In this embodiment, the first and second media 11 and 12 have different refractive indices, and therefore the 
refractive index distribution is asymmetric with respect to both the diagonal lines C1 and C2 of the fundamental lattice 
E1 , which has the shape of a square having its vertices at patches of the second medium 12. 
[0061] Fig. 1 9 is a band diagram of the second order r point (see Fig. 36, the part S) of the two-dimensional photonic 

w crystal 20 structured as described above. Along the vertical axis is taken the normalized frequency, i.e., the frequency 
of light normalized by being multiplied by "a / c," and along the horizontal axis is taken the wave-number vector of light. 
Provided that the refractive indices and sizes of the media and other parameters are appropriately set, the two-dimen- 
sional photonic crystal 20 has, at the second order F point, four different resonant frequencies and thus four different 
resonant modes corresponding to those resonant frequencies. That is, the modes C and D have different resonant 

15 frequencies, and thus, in the two-dimensional photonic crystal 20, mode degeneration is resolved. 

[0062] Figs. 20 to 23 show the electric field distributions in the two-dimensional photonic crystal 20 when it is in the 
mode-A, mode-B, mode-C, and mode-D resonant states, respectively; that is, these figures show the near field pattern 
images at the time of laser oscillation. Arrows indicate the directions and magnitudes of electric fields. As shown in 
these figures, in all the modes, the directions of electric fields are uniform. That is, the polarization direction is unifonn. 

20 This makes it possible to obtain a two-dimensional photonic crystal surface-emitting laser 1 that emits light of which 
the polarization direction (the directions of electric fields) is uniform. 

[0063] As in a fifth embodiment of the invention shown in Fig. 24, the patches of the second medium 1 2, each having 

an elliptic cross-sectional shape, may be arrayed with an inclination relative to the directions of the period. As in a sixth 
embodiment of the invention shown in Fig. 25, giving the patches of the second medium 1 2 a rectangular cross -sectional 

25 shape results in obtaining the same effect. 

[0064] Fig. 26 is an exploded perspective view of the two-dimensional photonic crystal surface-emitting laser of a 
seventh embodiment of the Invention. For convenience' sake, in the following descriptions, such elements as find their 
counterparts In the first embodiment shown in Fig. 1 and described eariier are identified with the same reference 
numerals. The two-dimensional photonic crystal surface-emitting laser 9 has lower clad layers 3 and 8, an active layer 

30 4, and an upper clad layer 5 laid on top of a substrate 2. These are formed of the same materials and In the same 
manners as in the first embodiment. The lower clad layers 3 and 8 may be formed of the same material or different 
materials. On the bottom surface of the substrate 2 and on the top surface of the upper clad layer 5, there are formed 
electrodes 6 and 7 of gold or the like. 

[0065] On the top surface of the lower clad layer 8 and on the bottom surface of the upper clad layer 3. there are 
35 fonned one-dimensional diffraction gratings 8a and 3a, respectively, that have grooves fomried therein with the same 
one-dimensional period. The one-dimensional diffraction gratings 8a and 3a are cemented together in such a way that 
the directions of their periods are perpendicular to each other. In this way, a two-dimensional photonic crystal 30 having 
a two-dimensional periodic structure is fonned. 

[0086] Fig. 27 is a plan view of the two-dimensional photonic crystal 30. The one-dimensional diffraction gratings 8a 
40 and 3a have groove portions 8b and 3b and ridge portions 8c and 3c, respectively. The portions F1 where the groove 
portions 8b overlap the groove portions 3b have the same refractive index as air. The portions F2 where the ridge 
portions 8c overiap the groove portions 3b have the average refractive index between the refractive index of the lower 
clad layer 8 and that of air. The portions F3 where the groove portions 8b overiap the ridge portions 3c have the average 
refractive index between the refractive index of the lower clad layer 3 and that of air. The portions F4 where the ridge 
45 portions 8c overiap the ridge portions 3c have the average refractive index between the refractive index of the lower 
clad layer 8 and that of the lower clad layer 3. 

[0067] The distance from the active layer 4 to the one-dimensional diffraction grating 3a is shorter than the distance 
from the active layer 4 to the one-dimensional diffraction grating 8a. Thus, the intensity of the light reaching the one- 
dimensional diffraction grating 3a is higher than that of the light reaching the one-dimensional diffraction grating 8a. 

50 Accordingly, the average refractive index of the portions F3 is affected more by the refractive index of the lower clad 
layer 3 than by the refractive index of air, and the average refractive index of the portions F2 is affected more by the 
refractive index of air than by the refractive index of the lower clad layer 8. Thus, even though the lower clad layers 8 
and 3 have the same refractive index, the portions F2 and the portions F3 have different refractive indices. 
[0068] As a result, as shown in Fig. 28, the two-dimensional photonic crystal 30 has a first, a second, a third, and a 

55 fourth medium 31, 32, 33, and 34 in the fonm of blocks having different refractive indices and having a rectangular 
cross-sectional shape arrayed in close contact with one another in a checkered pattern. Thus, for example, blocks of 
the first medium 31 are arrayed periodically in two mutually perpendicular directions, and therefore the two-dimensional 
photonic crystal 30 is fonned as a square lattice. Moreover, the fundamental lattice El , which has the shape of a square 
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having rts vertices at blocks of the first medium 31 , exhibits a refractive index distribution that is asymmetric with respect 
to both of the two diagonal lines of the fundamental lattice El . 

[0069] Fig. 29 is a band diagram of the second order r point (see Fig. 36. the part S) of the two-dimensional photonic 
crystal 30. Along the vertical axis Is taken the normalized frequency, i.e., the frequency of light normalized by being 

5 multiplied by "a / c," and along the horizontal axis is taken the wave-number vector of light. Provided that the refractive 
indices and sizes of the media and other parameters are appropriately set, the two-dimensional photonic crystal 30 
has, at the second order V point, four different resonant frequencies and thus four different resonant modes corre- 
sponding to those resonant frequencies. That is, the modes C and D have different resonant frequencies, and thus, In 
the two-dimensional photonic crystal 30, mode degeneration is resolved. 

10 [0070] Figs. 30 to 33 show the electric field distributions in the two-dimensional photonic crystal 30 when it is In the 
mode-A, mode-B. mode-C, and mode-D resonant states, respectively: that is, these figures show the near field pattem 
images at the time of laser oscillation. Arrows indicate the directions and magnitudes of electric fields. As shown in 
these figures, in all the modes, the directions of electric fields are unifomi. That is, the polarization direction is unifonm. 
This makes It possible to obtain a two-dimensional photonic crystal surface-emitting laser 9 that emits light of which 

'5 the polarization direction (the directions of electric fields) is uniform. 

[0071] Incidentally, the one-dimensional diffraction gratings 8a and 3a have simply to have equal periods, and do 
not necessarily have equal duty ratios. Instead of cementing together one-dimensional diffraction gratings as In this 
embodiment, media having a rectangular cross-sectional shape as seen in a plan view and having different refractive 
indices may be an-ayed in close contact with one another as shown in Fig. 28 described above so that, with respect 

20 to blocks of one medium (for example, the first medium), blocks of two other media (for example, the second and third 
media 32 and 33) adjacent thereto in two mutually perpendicular directions have different refractive indices. Also in 
this way, it Is possible to obtain a two-dimensional photonic crystal free from mode degeneration. 
[0072] Here, blocks of the one medium are arrayed at intervals equal to the wavelength or equal to a period that 
fulfills the conditions for the wave-number vector at the point r defined eariier. While the fundamental lattice is square, 

25 blocks of the Individual media do not have to be square as seen in a plan view. The fourth medium 34 of which blocks 
are arrayed in oblique directions with respect to the one medium (the first medium 31) may have the same refractive 
Index as one of the first to third media 31 to 33. 

[0073] Fig. 34 shows the frequency response of the gain of the active layer 4 in the first to seventh embodiments. 
Along the vertical axis is taken the gain of the active layer, and along the horizontal axis is taken the frequency. As 

30 shown In this figure, the active layer 4 exhibits different gains at different frequencies. Accordingly, in the first to seventh 
embodiments, by appropriately setting the parameters of the two-dimensional photonic crystal, such as the refractive 
Indices and sizes of the media and the lattice constant, so that resonance occurs at the frequency at which the gain 
of the active layer 4 is at the maximum, It is possible to let the two-dimensional photonic crystal emit light efficiently 
and thereby save power consumption. Moreover, making the differences between the frequencies of the different modes 

35 greater makes It easy to select the resonance mode used. 

Industrial applicability 

[0074] As described above, according to the present invention, In a two-dimensional photonic crystal, the fundamen- 
40 tal lattice has a refractive index distribution that is asymmetric with respect to the diagonal lines thereof This helps 
resolve mode degeneration, and thus makes it possible to obtain a two-dimensional photonic crystal surface-emitting 
laser that emits light of which the polarization direction is uniform. 

[0075] According to the present invention, by resolving mode degeneration in the two-dimensional photonic crystal, 
it is possible to obtain a two-dimensional photonic crystal surface-emitting laser that emits light of which the polarization 
45 direction is unifonn. 

[0076] According to the present invention, the frequency at which the active layer exhibits the maximum gain is made 
coincident with the frequency at which the two-dimensional photonic crystal resonates. This makes it possible to let 
the two-dimensional photonic crystal emit light efficiently and thereby save power consumption. 
[0077] According to the present invention, a third medium is arrayed asymmetrically with respect to the two diagonal 

50 lines of the fundamental lattice that has Its vertices at patches of a second medium arrayed in a first medium. This 
makes It easy to obtain a two-dimensional photonic crystal having an asymmetric refractive index distribution. 
[0076] According to the present invention, assuming that the length of each side of the fundamental lattice is "a," 
patches of the third medium are arrayed within a width of "0.1 a" of one side of the fundamental lattice or within a width 
of "0.1a" of the bisecting normal to one side of the fundamental lattice. This makes the effect of the photonic crystal 

55 on light greater, and makes it easy to resolve mode degeneration. 

[0079] According to the present invention, assuming that the length of each side of the fundamental lattice is "a" and 
that the first and second directions are, with an origin set at a patch of the second medium, the X- and Y-axes, patches 
of the third medium are arrayed within a radius of "0.1 a" of points of which the X- and Y-coordlnates are 
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(na / 4, ma / 4). where n = 0. 2, and 4. and m = 1 and 3 

or 

5 

(na / 4, ma / 4), where n = 1 and 3, and m = 0, 2, and 4. 

This helps introduce defects and thereby achieve a greater effect of resolving mode degeneration. 
10 [0080] According to the preserit invention, the patches of the second medium and the patches of the third medium 
are differently sized. This makes It easy to forni an asymmetric refractive Index distribution even when the second and 
third media have the same refractive index. 

[0081] According to the present invention, the second medium and the third medium are formed of the same material. 
This makes rt possible to form patches of the second and third media simultaneously, and makes It easier to form an 

15 asymmetric refractive index distribution. 

[0082] According to the present invention, the patches of the second medium, as seen in a plan view, are given an 
asymmetrical shape with respect to the two diagonal lines of the fundamental lattice that has its vertices at patches of 
the second medium arrayed in the first medium. This makes It easy to obtain a two-dimensional photonic crystal having 
an asymmetric refractive index distribution. 

20 [0083] According to the present invention, patches of different media, each rectangular in shape as seen in a plan 
view, are arrayed in close contact with one another in a checkered pattern, and, with respect to the patches of one 
medium, the patches of two other media adjacent thereto In two mutually perpendicular directions have different re- 
fractive indices. This makes it easy to obtain a two-dimensional photonic crystal having an asymmetric refractive Index 
distribution. 

25 [0084] According to the present Invention, two one-dimensional diffraction gratings are cemented together in such 
a way that the directions of the periods thereof are perpendicular to each other. This makes it easy to obtain a two- 
dimensional photonic crystal having different media arrayed in a checkered pattern. 



30 Claims 

1 . A two-dimensional photonic crystal surface-emitting laser having a two-dimensional photonic crystal placed near 
an active layer that emits light when earners are injected thereinto, the two-dimensional photonic crystal having 
media having different refractive indices arrayed with a two-dimensional period, 

35 wherein the two-dimensional photonic crystal is formed as a square lattice having patches of one medium 

arrayed periodically at equal intervals in two mutually perpendicular directions, and at least part of fundamental 
lattices, of which each has a shape of a square that has vertices thereof at patches of the one medium and of 
which a length of each side equals a minimum period of equally sized patches of the one medium, has an asym- 
metric refractive Index distribution with respect to one of two diagonal lines of those fundamental lattices. 

40 

2. A two-dimensional photonic crystal surface-emitting laser having a two-dimensional photonic crystal placed near 
an active layer that emits light when carriers are injected thereinto, the two-dimensional photonic crystal having 
media having different refractive indices arrayed with a two-dimensional period, 

wherein mode degeneration at a r point of the two-dimensional photonic crystal is resolved. 

45 

3. A two-dimensional photonic crystal surface-emitting laser as claimed in claim 1 or 2. 

wherein a frequency at which the active layer exhibits a maximum gain is coincident with a frequency at 
which the two-dimensional photonic crystal resonates. 

50 4. A two-dimensional photonic crystal surface-emitting laser as claimed in claim 1 or 2, 

wherein the two-dimensional photonic crystal has a first medium that has a predetemnined refractive index 
and a second medium that has a refractive index different from the refractive index of the first medium and of which 
equally sized patches are arrayed at equal intervals in mutually perpendicular first and second directions within 
the first medium, and 

55 at least part of fundamental lattices that have vertices thereof at patches of the second medium have a third 

medium of which patches are arrayed asymmetrically with respect to one of two diagonal lines of those fundamental 
lattices. 
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A two-dimensional photonic crystal surface-emitting laser as claimed in claim 4, 

wherein, assuming that a length of each side of the fundamental lattices is "a," the patches of the third medium 
are arrayed within a width of "0.1 a" of one side of the fundamental lattices or within a width of "0.1 a" of a bisecting 
nonmal to one side of the fundamental lattices. 

A two-dimensional photonic crystal surface-emitting laser as claimed in claim 4, 

wherein, assuming that a length of each side of the fundamental lattices is "a," and that the first and second 
directions are, with an origin set at patches of the second medium, X- and Y-axes, the patches of the third medium 
are an-ayed within a radius of "0.1 a" of a point having X- and Y-coordinates of 

{na / 4, ma / 4), where n = 0, 2, and 4, and m = 1 and 3 

or 



(na / 4, ma / 4), where n = 1 and 3. and m = 0, 2, and 4. 

7. A two-dimensional photonic crystal surface-emitting laser as claimed in claim 4, 

20 wherein the patches of the second medium and the patches of the third medium are differently sized. 

8. A two-dimensional photonic crystal surface-emitting laser as claimed in claim 4, 

wherein the second medium and the third medium are fonned of a same material. 

25 9. A two-dimensional photonic crystal surface-emitting laser as claimed in claim 1 or 2. 

wherein the two-dimensional photonic crystal has a first medium that has a predetennined refractive index 
and a second medium that has a refractive index different from the refractive index of the first medium and of which 
patches are arrayed at equal intervals in mutually perpendicular first and second directions within the first medium, 
and 

30 at least in part of fundamental lattices that have vertices thereof at patches of the second medium , the patches 

of the second medium have, as seen in a plan view, an asymmetrical shape with respect to one of two diagonal 
lines of those fundamental lattices. 

10. A two-dimensional photonic crystal surface-emitting laser as claimed in claim 1 or 2, 
35 wherein the two-dimensional photonic crystal has patches of different media, each rectangular in shape as 

seen in a plan view, arrayed in close contact with one another, and, with respect to the patches of at least one 
medium, the patches of two other media adjacent thereto in two mutually perpendicular directions have different 
refractive indices. 

40 11. A two-dimensional photonic crystal surface-emitting laser as claimed in claim 10, 

wherein the two-dimensional photonic crystal is formed by cementing together two one-dimensional diffrac- 
tion gratings having equal periods in such a way that directions of the periods thereof are perpendicular to each 
other. 

45 
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